We have observed linear ''crystals'' of up to tens of laser-cooled 199 Hg ϩ ions in a linear rf ion trap. The trap operates at liquid-He temperature and is designed for use as a prototype 40.5 GHz frequency standard with high accuracy and stability.
I. INTRODUCTION
The 40.5 GHz ground-state hyperfine transition of the 199 Hg ϩ ion provides the basis for a high-performance microwave frequency standard. [1] [2] [3] [4] [5] Our work on 199 Hg ϩ has been devoted to obtaining a system that will provide high accuracy as well as high stability. 5 To help achieve this goal, we have incorporated laser cooling to suppress the second-order Doppler shift.
In this paper, we report preliminary results using a rf ion trap in a cryogenic ͑ϳ4 K͒ environment. This should yield high vacuum, thereby reduce ion loss and frequency shifts due to background gas collisions, should provide the basis for superconducting magnetic shielding, and will suppress shifts due to blackbody radiation. S 1/2 (Fϭ0,M ϭ0) ground-state hyperfine splitting is ϳ40.5 GHz. It has no firstorder Zeeman shift near zero field and is used as the clock transition. [1] [2] [3] [4] [5] The upper-state 2 P 1/2 (Fϭ1) to 2 P 1/2 (Fϭ0) hyperfine splitting is ϳ7 GHz. Laser cooling and fluorescence detection are accomplished using the 194 nm electric dipole cycling transition from the ground 2 S 1/2 (Fϭ1) state to the excited 2 P 1/2 (Fϭ0) state. 5, 7 The natural linewidth of this strongly allowed transition is 70 MHz, which is more than an order of magnitude larger than the width of the 194 nm laser used for cooling and detection. To prevent optical pumping of the ion into the Fϭ0 ground-state sublevel by off-resonant driving of the 2 S 1/2 (Fϭ1) to 2 P 1/2 (Fϭ1) transition and subsequent decay, a second ͑collinear͒ laser at 194 nm is present during the laser cooling and tuned about 47. 4 GHz to the blue of the main cooling laser.
Previously, a rf-trap 199 Hg ϩ ion frequency standard ͑us-ing helium buffer gas cooling͒ was shown to have high frequency stability.
3 It contained NϷ2ϫ10 6 ions and had a fractional second-order Doppler shift of approximately Ϫ2ϫ10
Ϫ12
. More recently, a short-term fractional frequency instability of Ͻ7ϫ10 Ϫ14 Ϫ1/2 has been demonstrated in a linear rf trap ͑also using helium buffer gas cooling͒, which operated with NϷ2.5ϫ10 6 ions, and a fractional secondorder Doppler shift of approximately Ϫ4ϫ10 Ϫ13 was inferred. 4 In comparison, the fractional second- Hg ϩ ion confined in an ion trap at near-zero magnetic field and laser cooled to the Doppler limit should constitute a highly accurate 40.5 GHz microwave frequency standard. To improve the signal-to-noise ratio ͑and hence the fractional frequency stability͒, it will, however, be desirable to have many 199 Hg ϩ ions, all with equally low Doppler shifts.
II. LINEAR RF ION TRAP
The linear rf quadrupole trap, which uses four rf rods for radial confinement and a static axial potential for longitudinal confinement, was developed as a way of confining multiple ions with low Doppler shifts due to rf micromotion. 4, 5, [9] [10] [11] In this scheme, the four rods are configured as in a rf mass analyzer, with a zero-field node along the center line instead of at a single point as in a spherical Paul quadrupole rf trap. 12 Axial confinement is achieved by applying static potentials at the ends of the trap, using positively biased rings, pins, or split sections in the trap rods. Figure 2 shows the linear rf trap used in the present cryogenic experiment. The four rf rods are RЈϭ0.20 mm in radius, centered on a radius of RϩRЈϭ0.64 mm from the trap axis ͑about half the size of our previous linear rf trap 5 ͒. Axial confinement is achieved by positively biasing rings ͑electrodes C and R in Fig. 2͒ , separated by 4 mm, at either end of the four-rod quadrupole.
Two ͑diagonally opposite͒ rf rods of the trap are driven with a rf potential V 0 cos͑⍀t͒, while the other two rf rods are maintained at rf ground. Near the trap axis, the time-varying potential is approximately a saddle-point potential in x and y,
͑1͒
where x and y are the transverse coordinates. The centers of the two rf-driven rods intersect the x axis, one at Ϫ(RϩRЈ) and the other at RϩRЈ. The approximation assumes that the rods of circular cross section give the same potential as rods whose surfaces are equipotentials of Eq. ͑1͒. If the drive frequency ⍀ is high enough ͑that is, much higher than the ion's radial secular oscillation frequency͒, the ion of mass m and charge q will experience an approximately harmonic pseudopotential that confines in both x and y:
a͒ Present address: Schlumberger-Anadrill, Sugar Land, TX 77778.
where r is the radial angular oscillation frequency ͑secular frequency͒, which is given by r ϭ qV 0 ͱ2m⍀R 2 .
͑3͒
Axial confinement ͑along z͒ results from biasing the rings at either end of the trap with a positive potential U 0 . Near the center of the trap, an ion experiences the static saddle-point potential
where the axial angular oscillation frequency z is given by
.
͑5͒
The separation of the rings is 2z 0 ϭ4.0 mm, and is a geometrical factor that is ϳ0.004 in this trap ͑as determined from measurements of z ͒. As Eq. ͑4͒ indicates, the radial pseudopotential ⌽ is weakened by the addition of the static axial potential. Thus, the effective radial angular oscillation frequency is
͑6͒
Under typical operating conditions in this trap, we expect r Ј/2Ϸ350 kHz and z /2Ϸ25 kHz, assuming ⍀/2ϭ13
MHz, V 0 ϭ100 V, and U 0 ϭ25 V. As shown in Fig. 2 , the trap's axial-confinement ''ring'' electrodes are in fact, bored-out conical disks of beryllium copper, appropriately drilled to allow laser access to the trap center. The four rf rods are beryllium-copper wires. The dimensions of the quadrupole rods were chosen to allow f /1 light collection from the center of the trap. Also, the choice of the small R dimension makes the trap radially unstable, due to the Mathieu instability, for unwanted contaminant ions ͑created during the loading procedure͒ with r Ͼ⍀/2 or, equivalently
where u is the atomic mass unit. The four outer support rods for the trap structure are alumina ͑Al 2 O 3 ͒ rods sheathed in thin beryllium-copper tubing of an outer diameter of 1.28 mm. These support rods can each receive independent biasing potentials to ''shim'' the ions back onto the trap's geometrical center line, in the event that patch charges on the rod electrodes should cause the trap's geometrical and dc electrical centers to not coincide. ͑Without this compensation, the ions could experience large rf electric fields and undergo substantial rf micromotion.͒ The ceramic insulating endpieces that define the positions of the trap rods are highpurity alumina slabs 2.0 mm in thickness, with appropriately placed laser beam access holes. Figure 2͑a͒ shows that the electrodes form two linear traps in tandem. The leftmost trap, between electrodes L and C, is intended for capturing ions in the initial loading process. Ions would then be pushed through electrode C into the experimental trap ͑between electrodes C and R͒. This design was implemented with the idea of gaining immunity from contact potentials or electric charge buildup on the electrodes near where the ions were loaded.
Appropriately placed mirrors allow laser cooling to be performed along any one of three noncoplanar directions at the center of the trap, as illustrated in Fig. 2͑a͒ : in the plane of the page at Ϯ20°to the trap's z axis or normal to the plane of the page ͑using a small mirror located directly below the trap͒. We require only one of the beams shown in Fig. 2͑a͒ for cooling, optical pumping, and detection. The three beam paths are required for probing the velocity distribution in three dimensions. The kinetic temperatures achievable in these cooling geometries are derived using Ref. 13 . The temperatures at the Doppler-cooling limit with either of the Ϯ20°beams correspond to T radial Ϸ5.6 mK and T axial Ϸ1.2 mK, under the assumption that the radiation is emitted isotropically. These temperatures imply a fractional secondorder Doppler shift of the 40.5 GHz hyperfine transition frequency that is approximately Ϫ5.5ϫ10 Ϫ18 . Previously, a slightly larger linear rf trap, in which the rods were segmented in such a way that dc potential differences could be applied to the different segments, was used, thus providing axial confinement. 5 In that apparatus, operating at room temperature and at a pressure of about 10 Ϫ8 Pa, several tens of 199 Hg ϩ ions were crystallized at fixed positions in a single row along the trap's nodal center line. Such a geometry is optimal for the present frequency standard application, since the ions can be imaged independently for
was the background gas pressure in the vacuum chamber, which was high enough that ions would be lost in several minutes due to chemical reactions. For a frequency standard application, it is desirable to be able to interrogate a particular ensemble of ions, located at relatively fixed positions, for periods of many hours, several days, or longer. Also, even at 10 Ϫ8 Pa, shifts of the transition frequency with changes in the background gas pressure could limit the accuracy.
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III. CRYOGENIC LINEAR RF ION TRAP
Our solution to the background gas pressure problem is to maintain the trap and vacuum vessel at liquid-He temperature ͑ϳ4 K͒. At this low temperature, most gases cryopump to the walls of the chamber, giving a very low background pressure. In a similar sealed vacuum can, lowered to 4 K, Gabrielse et al. 15 report background pressures below 10
Ϫ14
Pa. Thus by lowering the pressure by several orders of magnitude, we should be able to store trapped ions for at least several days, interrogate them with Ramsey free-precession times as long as tens or hundreds of seconds, and eliminate or greatly reduce pressure shifts of the 40.5 GHz clock frequency. In addition, the 4 K temperature should allow us to operate a superconducting shield around the ion trap region to help in shielding changes in the magnetic field.
We have constructed and have made initial tests of a prototype apparatus based on these concepts. The trap described in Sec. II and related components are mounted in an In-sealed OFHC copper vacuum can ͑see Fig. 3͒ , inside a nested liquid-He/liquid-N 2 Dewar, heat sunk to the outside bottom of the liquid-He reservoir and surrounded by radiation shields at 4 and 77 K. Figure 4 shows a schematic view of the small vacuum can mounted inside its nested liquid-He/liquid-N 2 Dewar, which has a liquid-He hold time of about four days. Optical access to the trap region is through windows around the base of the Dewar, aligned with baffled holes in the radiation shields and windows in the sides of the can. The laser beams are introduced into the vacuum apparatus through In-sealed fused silica windows. 16 Electrical and microwave access is through heat-sunk cabling leading down from connectors on the Dewar's top vacuum flange. The cables are routed along the liquid-N 2 and liquid-He reservoirs, into the radiation-shielded 4 K space around the experimental vacuum can, to cryogenic vacuum feedthroughs on the sides of the can. The 13 MHz rf drive for the trap ͑see below͒ and the dc currents for the field coils surrounding the trap are routed down the neck of the Dewar, through the liquid-He, and into the can by cryogenic feedthroughs in its top plate ͑which is also the bottom plate for the liquid-He reservoir͒. The superconducting shield consists of a 5 m coating of lead, electroplated onto the inside of the copper vacuum vessel.
The rf potential V 0 is applied to the trap electrodes by a resonant step-up transformer. In the frequency range of interest here, the most convenient type of resonator consists of a helical ''secondary'' coil that is effectively /4 in length in-side a shielding cylindrical can, 17 with an inductive-coupling input ''primary'' loop at the end of the input coaxial line. In our cryogenic apparatus, it is desirable to dissipate as little rf power as possible into the liquid helium. Thus, we constructed a superconducting lead helical resonator with QϷ3000 when attached to the trap apparatus. The losses are mainly in the connecting leads and not in the resonator. ͑The resonator by itself had an unloaded Q in excess of 200 000.͒ It was determined that 4 mW of rf at 13 MHz produced an amplitude V 0 Ϸ150 V at the trap rods. The superconducting resonator sits at the bottom of the Dewar reservoir, immersed in liquid He, with the high-potential end of its secondary coil attached to a copper cryogenic feedthrough leading through the top plate of the experimental vacuum chamber and connected to the two rf-driven rods of the trap. The input coupling loop is a small off-axis coil, attached to a stainless-steel coaxial cable leading out through the top of the Dewar through an O-ring compression seal. This coaxial cable can be rotated from outside the Dewar so as to orient the coupling loop properly for optimized power coupling into the resonator.
The trap is surrounded by orthogonal pairs of small coils, each consisting of 350-600 turns of 0.076 mm diam Nb wire, in order to produce the desired magnetic field components inside the superconducting shield. The coils allow arbitrary x, y, and z components of magnetic induction to be produced at the trap center with efficiencies of 5-10 T/mA ͑in each coil͒.
To ensure 100%-efficient ''electron shelving'' detection, we need to collect a large fraction of the ions' fluorescence. 7, 18 For this reason, the imaging objective lens has a large numerical aperture. Also, it is advantageous to be able to resolve the fluorescence of the individual ions so as to be able to detect them independently using different portions of the photocathode of the imaging UV detector. The lens used in the experiment therefore also has resolving power at 194 nm sufficient to resolve point objects separated by less than 4 m. The field of view over which the lens can image with aberrations insignificant at this level is about 250 m. The f number is f /1, with the lens's front surface sitting 8.1 mm away from the center of the trap. In order for the lens to be capable of surviving temperature cycles over a range of about 370 K ͑''bakeout'' temperature during vacuum processing͒ to 4 K ͑operational temperature in the experiment͒, the housing for the five-element lens was constructed of the same UV-grade fused silica as the elements themselves, and the assembly was performed without any bonding agent or cushioning material.
Loading the trap with Hg atoms is ionized at the center of the trap by electrons emitted by a field-emitter point. When a sample of ions has been captured, the oven and electron beam are turned off, and the vacuum chamber returns to a uniform 4 K temperature from whatever local warming has occurred.
We first tried loading ions between electrodes L and C ͓see Fig. 2͑a͔͒ and transferring them to the experimental trap. This was unsuccessful. If the ions were loaded between electrodes L and C, we were unable to push them through electrode C into the experimental trap by biasing electrode L with a positive potential with respect to electrode C ͑up to about 250 V͒. This result may have been caused by shielding from the quadrupole rf electrodes and by the non-negligible thickness of the central conical electrode. Subsequent to these experiments, the HgO source and electron source were moved near the experimental trap and the ions were created and captured directly into this trap.
We load and optically resolve individual cold ions, coalesced into linear crystals with interion spacings of 10-30 m. We have seen crystals ranging in number from one to several tens of ions, very similar in appearance to those reported in Ref. 5 . An example is shown in Fig. 5 . With laser cooling, these crystals are stable over periods of at least 10 h. One rough measure of the background gas pressure is the rate at which trapped ''impurity'' ions ͑which show up as readily identifiable nonfluorescing spots in the crystal͒ exchange places with their 199 Hg ϩ ion neighbors. In the roomtemperature apparatus at 10 Ϫ8 Pa, these interchanges occurred every few minutes, but they do not occur over periods of several hours or more in our cryogenic vacuum.
We have observed all three ground-state hyperfine microwave transitions ͑⌬M ϭ0,Ϯ1͒ by the method discussed in Refs. 5 and 7.
IV. PROSPECTS
We plan to study the microwave transitions in detail after making technical improvements to the magnetic shielding, the nulling of the residual rf micromotion, and the microwave local oscillator frequency synthesis. The scheme for operating this apparatus as a microwave clock will initially be that described for the room-temperature experiment. 5 The ions will be imaged onto separate portions of the detector's photocathode and detected individually as an ensemble of independent atomic clocks. Dehmelt's technique of electron shelving can be used to detect the clock transition in each ion with nearly 100% efficiency. 7, 18 Under these assumptions, the fractional frequency stability is given by where 0 /2ϭ40.5 GHz, N is the number of ions in the linear crystal ensemble, T R is the free-precession time between the two phase-coherent rf pulses ͑in Ramsey's interrogation scheme͒, and ϾT R is the averaging time. Assuming a 100 s Ramsey interrogation time, the short-term fractional frequency stability of an ensemble of 30 ions would be ϳ7ϫ10 Ϫ14
Ϫ1/2
, and longer free-precession times with larger samples of ions seem possible. The fractional secondorder Doppler shift to the frequency should be no greater than a few parts in 10 18 with ions on the trap's nodal center line, cooled to the Doppler limit. The second-order Zeeman shift, as a fraction of 40.5 GHz, is equal to 0.24B 2 , where B is in teslas. Control of this shift may require conventional external magnetic shielding as well as the internal superconducting magnetic shield surrounding the trap. With sufficiently cold ions and small field fluctuations, a fractional inaccuracy of Ͻ1ϫ10 Ϫ16 of the clock frequency appears attainable.
In addition, this apparatus contains features ͑the superconducting coil pairs͒ that should allow us to investigate new effects based on motional Zeeman coherences. These include a novel cooling scheme ͑proposed by Harde 19 ͒ using optical pumping in conjunction with a motional magnetic coupling between the spin orientation and the harmonic oscillator state of the ions in the trap potential, as well as a scheme for ''squeezing'' the total ensemble spin, 20 which could improve the signal-to-noise ratio in frequency standards where the dominant noise contribution is projection noise.
